Abstract-This work deals with the electromagnetic characterization of the electrical conductivity of anisotropic and weakly conductive materials by using resonant circuits. Experimental results characterizing a carbon fiber reinforced polymer (CFRP) ply are presented.
INTRODUCTION
In order to evaluate physical and geometrical properties or to detect and characterize defects in conductive materials, the eddy current nondestructive testing is widely used [1, 2] . However, this method is less efficient for weakly conductive materials, such as carbon fiber reinforced polymers (CFRPs) [3] [4] [5] .
To get significant signals, higher frequencies must be used which is followed by undesirable capacitive effects [5] . For such materials, the use of resonant circuits is an interesting alternative [6] . Indeed, in this case, the impact of the impedance variation on the resonant frequency is more significant than the impedance variation itself. In this work, we present some experimental results dealing with the characterization of CFRPs conductivity by using resonant circuits. The experimental setup is described in the next section, and experimental results are presented and discussed in the last section.
THE EXPERIMENTAL SETUP
An impedance analyzer (AGILENT 4294A) is used to measure the variations of the real and the imaginary parts of the impedance of a coil wound on a ferrite torus containing an air-gap in which a CFRP ply is inserted. Figure 1 gives the physical and schematic views of the experimental setup. The CFRP ply is constituted of carbon fibers embedded in an electrically nonconductive matrix. It is characterized by an anisotropic electrical conductivity given by (1) , where σ L and σ T denote the electrical conductivities in the directions parallel and transverse to the carbon fibers. Notice that the CFRPs present high anisotropies (σ L σ T ) [7] .
The numerical values of the system parameters are given in Table 1 . To deal with the CFRP ply anisotropy, the width of the torus (τ ) is chosen to be much greater than its thickness ((R e − R i )/2). In fact, the latter has to be as small as possible. Figure 2 shows the variations of the real and imaginary parts of the coil impedance (Z = R + jX) according to the frequency, for three cases. In the first one (No ply), no CFRP ply is present in the torus air-gap, and in the two other cases, the CFRP ply is placed in the torus air-gap, with the fibers oriented in the directions parallel (θ = 0) ant transverse (θ = π/2) to the direction of the torus width (τ ). We notice that the resonant frequency and the real part of the coil impedance increase with the electrical conductivity (linked to the fibers orientation in the torus air-gap). For any further use, Table A1 gives the measurements numerical data. Neglecting the magnetic flux leakage in the coil and the capacitive coupling between the fibers in the CFRP ply, the system can be modeled by the electrical circuit given in Figure 3 . The series resistance, R s , represents the resistive losses in the coil conductors. The parallel capacitance, C, is the equivalent capacitance between the coil turns, and the parallel resistance R p , represents the losses in the ferrite core and in the CFRP ply. The inductance, L, is the coil inductance taking account of the mutual inductance with the CFRP ply. The series resistance and capacitance are assumed to be constant, while the inductance and the parallel resistance vary with the frequency. The eddy currents in the ply create a magnetic field that opposes the magnetic fields created by the coil. This leads to a decrease of circuit inductance and thus an increase of the resonant frequency given as follows:
RESULTS AND DISCUSSION
According to the electrical model given in Figure 3 , at the resonant frequency (Cω
Neglecting the variation of the losses in the ferrite core (resonant frequencies close to each other), and considering the capacitance, C, as a constant, from (2) and (3), we extract the variations of the system resistance and inductance, due to the eddy currents in the ply which depend directly on the electrical conductivity (resistivity) of the latter. The relation between the resistance variation and the electrical conductivity of the tested material depends on the eddy currents distribution in the latter, which can be obtained by numerical modeling [8] . Four parameters can be used to characterize the CFPR ply anisotropic conductivity. These parameters correspond to the variations the resistance and the inductance for both situations where the fibers are parallel and transverse to the direction of the torus width (τ ). This would permit to distinguish between the parallel and transverse conductivity. Indeed, if the resistance variation would be the same for any two couples of the longitudinal and transversal conductivities (σ 1 L , σ 1 T ) and (σ 2 L , σ 2 T ), the inductance variation would be different since the eddy currents repartition would be different.
CONCLUSION
This work aims to show the possibility to characterize low conductive and anisotropic material by using resonant circuits. Indeed, in this case, the effect of the impedance variation (i.e., the variation of the resonant frequency) is more significant that the impedance variation itself. The resistance and inductance variations are directly obtained from the measurements. A numerical modeling is however necessary to determine the eddy currents repartition in the tested sample, and thus the relation between the measured parameters and the electrical conductivity of the latter. The use of both the resistance and inductance variations corresponding to the fibers orientations parallel and transverse to the torus width would permit to distinguish between the longitudinal and transversal conductivities of a CFRP ply. For isotropic materials, the use of a ferrite torus of a circular section would simplify the problem.
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